The human lipoprotein lipase gene was cloned and characterized. It is composed of 10 exons spanning -30 kilobases. The first exon encodes the 5'-untranslated region, the signal peptide plus the first two amino acids of the mature protein. The next eight exons encode the remaining 446 amino acids, and the tenth exon encodes the long 3'-untranslated region of 1948 nucleotides. The lipoprotein lipase transcription start site and the sequence of the 5'-flanking region were also determined. We compared the organization of genes for lipoprotein lipase, hepatic lipase, pancreatic lipase, and Drosophila yolk protein 1, which are members of a family of related genes. A model for the evolution of the lipase gene family is presented that involves multiple rounds of gene duplication plus exon-shuffling and intron-loss events.
Lipoprotein lipase (LPL) functions in the catabolism of triglyceride-rich lipoproteins in the circulation. It resides on the luminal surface of capillary endothelial cells where it hydrolyzes triglycerides in chylomicrons and very low density lipoproteins, thereby delivering fatty acids to tissues for storage or oxidation. Individuals genetically deficient in LPL activity exhibit extreme postprandial hypertriglyceridemia (1) . The enzyme appears to be regulated at both transcriptional and posttranscriptional levels during differentiation and in response to nutritional and hormonal changes (2) . Several hormones play a role in LPL expression, including insulin, thyroid hormone, and glucocorticoids (3) .
LPL is a member of a gene family of proteins that includes hepatic lipase (HL), pancreatic lipase (PL), and the Drosophila yolk proteins 1, 2, and 3 (YP1, YP2, and YP3) (4) (5) (6) (7) (8) . The LPLand HL-encoding genes are dispersed, mapping to human chromosomes 8p22 and 15q21, respectively (9) , while the PLencoding gene has not yet been mapped. HL hydrolyzes triglyceride from very low density lipoprotein remnant particles in the liver, whereas PL hydrolyzes dietary lipid in the intestine. These two proteins have catalytic and structural properties similar to LPL. However, the Drosophila yolk proteins, while exhibiting sequence similarity, lack lipase activity and otherwise show no obvious functional similarity to these enzymes.
We now report the organization of the human lipoprotein lipase-encoding gene and the sequence of its 5'-flanking region.** Based on a comparison of intron-exon patterns, we propose a model for the evolution of the lipase gene family.
MATERIALS AND METHODS
Three libraries were used: a partial Alu I-Hae III digest of human genomic DNA cloned into the Charon 4A vector (10), a partial Sau3a digest of genomic DNA cloned into the EMBL4 vector (11) , and a partial Mbo I digest of genomic DNA cloned into the EMBL3 vector (Clontech). LPL clones LPL35, LPL37, and LPL46 (8) containing the complete human LPL 3.5-kilobase (kb) cDNA were used to screen the above libraries by plaque hybridization. Five overlapping clones (clones 2, 3, 11, 13, and 15/E) spanning -50 kb and containing the complete human LPL gene were isolated and characterized. The sequence of LPL flanking, exonic, and bordering intronic regions was determined in both orientations by the dideoxy chain-termination method.
For S1 nuclease analysis, a 5'-end-labeled single-stranded DNA probe, mapping from 124 nucleotides (nt) downstream from nt 1 to the -240 position in Fig. 5 , was prepared and hybridized to human adipose poly(A)+ or yeast RNA, digested with S1 nuclease, and analyzed as described (12 [11] [12] [13] [14] , the PL gene is composed of 13 exons separated by 12 introns (introns 1, 2, 3, and 5-13). The first intron for both LPL and HL (intron 2) occurs just downstream from the signal peptidecleavage site for both LPL and HL (7 and 19 nt, respectively), whereas the first intron in the PL gene (intron 1) separates the short 5'-untranslated sequence from the beginning of the coding sequence, and the second intron is located immediately after the signal peptide.
Among the lipases, there are a total of seven introns that are strictly conserved with respect to both the amino acid positions and the codon phases they interrupt and a total of seven introns that are not conserved ( Fig. 2 A amino acids in the LPL/HL and PL genes. In addition, there are no amino acid sequence similarities between the LPL/HL sequences and PL sequence within this region. If intron sliding is the mechanism responsible for this difference in the position of intron 2, a shift ofthe translation start site towards the COOH terminus must have occurred in the LPL/HL sequence subsequent to the sliding event, thus masking the gain in protein-coding sequence of these genes relative to PL that would have resulted from the change in the splice site. Evolution of Drosophila YP1. The three Drosophila yolk proteins YP1, -2, and -3 are highly homologous (50-60%o amino acid sequence identity) and have evolved from a common ancestral gene (18) . They are also members of the lipase gene family. The sequence of one of the yolk proteins, YP1, is aligned with the three lipases in Fig. 2 . It is apparent that while YP1 has retained considerable sequence homology with the other members of this family, it has undergone both intron and exon losses since its divergence. It has retained intron 2, whereas it lacks introns 1 and 3-11. The last two exons found in the lipases are also absent in YP1. Like the three lipases, YP1 has also diverged considerably in its NH2-terminal region.
Aside from the loss of most ancestral introns, what is most striking about the YP1 gene is an apparent insertion of 44 amino acids unrelated to the other members of the gene family within the second exon. This appears to result from an exon-shuffling event that occurred subsequent to the divergence of the gene family. All three yolk proteins in Drosophila are known to undergo a posttranslational sulfation of tyrosine residues. YP2 is sulfated at a single tyrosine residue, whereas YP1 and YP3 contain 2 mol of sulfated tyrosine per mol of protein (19) . The structural determinants of tyrosine sulfation sites have been well characterized (Fig. 3) . The position of the single sulfated tyrosine in YP2 has been determined (19) , and the amino acid sequence surrounding this site is shown in the top row in Fig. 3 . Although the two sites of tyrosine sulfation in YP1 have not been determined,-there are a total of three possible sites in this protein based on the consensus sequence for sulfation. Two of the putative sites occur within the length of 44 amino acids in exon 2 that is unrelated to the three lipases. Together, these two putative sites comprise a majority of the 44 residues. In addition, the single known YP2 tyrosine sulfation site and two putative sites in YP3 are found in similar regions of unrelated sequence in the same relative positions as the extra sequence in YP1 when they are aligned with the three lipases (data not shown). However, no putative sulfation sites could be found in human LPL, HL, or canine PL. Thus, it is likely that a separate exon containing this unrelated sequence was inserted into the YP ancestral sequence before the duplications leading to the multiple yolk proteins but subsequent to the divergence from the lipases. The point of insertion of the element is very near (12 nt downstream) intron 5 of the putative ancestral gene, suggesting that it may have resulted from an exon-shuffling event.
Transcription Start Site and 5'-Flanking Region of the LPL Gene. The transcription start site for the human LPL gene was determined by primer-extension and S1 nuclease protection analysis of the 5' end of LPL mRNA (Fig. 4) . The Human adipose poly(A)+ RNA or yeast tRNA was hybridized to a 338 nt end-labeled single-stranded DNA probe and digested with S1 nuclease. The size of the protected fragment was determined by analysis on a denaturing polyacrylamide gel. A dideoxynucleotide sequencing ladder made with the same primer and template used to generate the S1 probe was run as marker. At left is shown the sequence in the region of the protected fragment (of opposite sense to that shown in Fig. 5 ) with the arrow pointing to the start site predicted by size of the S1 nuclease-protected fragment. (B) Primer-extension analysis. An end-labeled 17-mer antisense oligonucleotide beginning 56 nt downstream from the transcription start site shown in Fig. 5 was hybridized to human adipose poly(A)+ RNA and used as a primer for DNA synthesis by reverse transcriptase. The-length of the major extension product (56 base pairs, determined by electrophoresis on a sequencing gel with a sequencing ladder as marker) predicts the same start site for transcription indicated by the arrow in A. position of the cap site predicted by the two methods was in agreement, corresponding to 14 nt upstream from the start of the human cDNA sequence reported earlier (8) . The sequence of 730 nt upstream from the cap site of the LPL gene is shown in Fig. 5 . Sequences corresponding to the TATA and CAAT elements seen in the promoters of most genes (20) are found at positions -27 and -65, respectively. Several additional potentially important regulatory sequences also occur in the 5'-flanking region (Fig. 5) .
DISCUSSION
The organization of the LPL gene, containing 10 exons, is very similar to the HL gene; all introns compared interrupt coding sequence in identical phases, resulting in exons of the same or nearly the same size. On the other hand, the gene for a third lipase of the gene family, PL, is distinctly different in There is now considerable data supporting the view that introns were present very early in evolution, before the prokaryotic/eukaryotic divergence, and that they served to mediate the assembly of blocks of coding sequence into genes (21) (22) (23) . Presumably, introns were subsequently lost in prokaryotes and simple eukaryotes as their genomes became streamlined for rapid DNA replication. In addition, exon shuffling, resulting in genes composed of exons encoding domains recruited from other genes, has been clearly demonstrated for a number of genes, including the LDL receptor (24) and various members of the serine protease family (25) . Our data suggest that the ancestral lipase gene had a minimum of 14 introns (Fig. 2B) . After early gene-duplication events, there was a loss of introns 1, 3, 5, 8, and 10 followed by a second duplication leading to the mammalian LPL and HL. In a second path taken after the initial duplication events, introns 4 and 14 were lost, leading to the arrangement seen in the mammalian PL gene. According to this model (Fig. 6) , the PL gene most resembles the primordial gene because it has undergone the fewest changes. In yet a third path taken after early duplication, there was an addition of an exon encoding a tyrosine sulfation site(s), the loss of most of the introns (introns 1, 3-11, and the introns mediating the exon-shuffling event) plus further gene duplications, leading to the three Drosophila yolk proteins (Fig. 6) By estimating the number of amino acid substitutions per site that have occurred during the evolution of LPL, HL, and PL, Datta et al. (6) have suggested that PL is evolving at twice the rate of HL and seven times the rate of LPL. This is noteworthy in the context of the present model for intronmediated evolution of the lipases. Although the exonic organization of the PL gene appears to have changed the least since the divergence of the three lipases, PL coding sequence has evolved very rapidly. The LPL and HL genes, on the other hand, have undergone significant intron losses and a second round of gene duplication, but both genes (particularly LPL) have subsequently evolved at a much slower rate.
In conclusion, these results have clarified the evolution of the lipase gene family. The information presented here should also be useful in examining the molecular basis of inherited defects of LPL and the transcriptional regulation of the gene.
